Introduction
============

Sperm cryopreservation is the only available method of preserving male reproductive potential, and has been used widely since the 1970s to treat couples with infertility \[[@B1]\]. Sperm banking has become an important part of any assisted reproductive technology (ART) program, and is essential for preserving fertility in male patients with cancer and some autoimmune diseases \[[@B2]\]. There is growing interest in fertility preservation of patients with cancer or systematic diseases since survival rates are increasing due to new therapeutic options \[[@B3]\].

However, the results of sperm cryopreservation are limited by a decrease in the number of viable spermatozoa, mainly due to the detrimental effects of the cryopreservation process on the plasma membrane of sperm \[[@B4][@B5]\]. The damaging effects of freezing and thawing on the plasma membrane of sperm may reduce the fertilizing capacity of spermatozoa \[[@B6]\]. Sperm freezing has also been associated with impaired sperm motility \[[@B7]\], alterations of sperm morphology \[[@B8]\], and damage to the acrosome \[[@B9]\]. In addition, the nuclear DNA of sperm in infertile men was found to be significantly damaged by the freezing-thawing process \[[@B10]\]. These data suggest the need for strategies to reduce the inevitable cryodamage to human sperm, and consequently improve the outcomes of sperm cryopreservation.

Myo-inositol (Myo-Ins) is the most biologically active form of inositol, a physiological compound belonging to the sugar family that is synthesized from glucose-6-phosphate in the human testis \[[@B11]\]. The concentration of Myo-Ins differs throughout the reproductive system, increasing along the epididymis and the vas deferens \[[@B12]\]. Myo-Ins acts as a second messenger in the cellular signal transduction pathway involved in the regulation of intracellular calcium (Ca^2+^) concentration \[[@B13]\]. Myo-Ins, present in cell membranes, is involved in cell growth, lipid synthesis, cell cytogenesis, and morphogenesis \[[@B14]\].

Previous studies found Myo-Ins to play a positive role in the regulation of seminal plasma osmolarity and volume \[[@B15]\], the expression of proteins essential for sperm chemotaxis \[[@B16]\], and sperm capacitation and the acrosome reaction \[[@B17]\]. These data provoked interest in investigating the potential positive role of Myo-Ins in the treatment of male infertility through either oral administration or *in vitro* supplementation. Furthermore, incubation of semen samples with Myo-Ins resulted in a significant increase in sperm motility and the number of spermatozoa retrieved after swim-up in both normozoospermic men and patients with abnormal sperm parameters \[[@B12]\].

In a recent study, the fertilization rate and embryo quality significantly increased in intracytoplasmic sperm injection cycles when oocytes were injected with spermatozoa prepared in media enriched with Myo-Ins 2 mg/mL \[[@B18]\]. Additionally, Myo-Ins proved to be well tolerated by spermatozoa *in vitro*, demonstrating that it can be efficiently and safely used as an antioxidant in laboratory practice and for preparation of semen samples in ART \[[@B14]\]. The objective of this study was to investigate the effects of *in vitro* Myo-Ins supplementation of ejaculated human sperm, prior to cryopreservation, on the cryo-survival rate (CSR).

Methods
=======

1. Ethical approval
-------------------

This study was approved by the Institutional Research and Ethical Committees of the Faculty of Medicine, Sohag University, Egypt. Written informed consent was obtained from all participants before enrollment.

2. Study design
---------------

The study was conducted in the clinical andrology laboratory at Ajyal IVF Center, Ajyal Hospital, Sohag, Egypt, between September 2016 and May 2017. The study included semen samples obtained from men attending the infertility clinic for a routine infertility workup. Semen samples with azoospermia, leukocytospermia, or a volume less than 1 mL were excluded. Semen samples delivered by men with a history of intake of antioxidants in the last 3 months prior to enrollment in the study were also excluded.

3. Pre-freeze semen analysis
----------------------------

Semen samples were collected by masturbation into a sterile container following 48 to 72 hours of sexual abstinence. Routine semen analysis was performed according to the latest (fifth) edition of the World Health Organization (WHO) guidelines, and the following parameters were evaluated: semen volume, sperm concentration (×10^6^/mL), percent of total motility (TM), percent of progressive motility (PM), percent of normal sperm morphology, and the seminal leukocyte count (×10^6^/mL) \[[@B19]\].

4. Preparation of Myo-Ins stock solution
----------------------------------------

Myo-Ins (cell culture tested) was supplied in a powder form (product no. I7508; Sigma Aldrich Chemical, St. Louis, MO, USA). The Myo-Ins was weighed under completely aseptic conditions using a digital scale with 0.01 g precision, and 500 mg of Myo-Ins powder was dissolved in 5 mL of a sperm washing and preparation medium (AllGrad wash; LifeGlobal, Guelph, ON, Canada) to prepare a Myo-Ins solution. The solution was sterilized using a bacteriological Nalgene (0.45 µm) filter (Thermo Fisher Scientific, Waltham, MA, USA). Aliquots of 10 µL of stock solutions were prepared, each containing 1 mg of Myo-Ins, for *in vitro* supplementation of the first halves of the split semen samples before cryopreservation. Equal aliquots (10 µL), only containing the sperm washing and preparation medium, were prepared for subsequent addition to the second halves of the semen samples (the control group). The prepared solutions were stored in the refrigerator between 2℃ and 8℃, and kept away from direct light sources.

5. Pre-freeze Myo-Ins supplementation of sperm
----------------------------------------------

Following routine semen analysis, each semen sample was split into two equal aliquots (0.5 mL each). One aliquot (0.5 mL of semen) was supplemented with 0.5 mL of sperm freezing medium (LifeGlobal) plus a dose of 10 µL/mL of Myo-Ins, corresponding to 1 mg/mL (Myo-Ins/semen), according to the composition of the stock solution. The second (control) aliquot (0.5 mL of semen) was supplemented with 0.5 mL of sperm freezing medium plus 10 µL/mL of sperm washing and preparation medium. Both aliquots were incubated for 20 minutes \[[@B18]\] prior to cryopreservation.

6. Sperm cryopreservation
-------------------------

Sperm cryopreservation was performed using the slow freezing technique. The sperm freezing medium (LifeGlobal) was brought to room temperature at least 1 hour prior to cryopreservation. It was added dropwise to each aliquot ensuring through mixing after each drop, reaching a final dilution of 1:1 to avoid osmotic stress \[[@B20]\]. Each aliquot was then loaded into a straw labeled with the patient\'s name and aliquot type (CBS High Security sperm straw; Cryo Bio System, Grenoble, France). The straws were suspended in liquid nitrogen vapor (10 cm above the level of the liquid nitrogen) at −80℃ for 15 minutes, before being stored in liquid nitrogen (−196℃) for 1 week.

7. Assessment of post-thaw sperm recovery
-----------------------------------------

The frozen samples were thawed at 37℃, and the post-thaw percentages of TM, PM, and CSR were determined. The sperm CSR was calculated according to the following equation: CSR=post-thaw TM (%)/pre-freeze TM (%)×100 \[[@B21]\].

8. Statistical analysis
-----------------------

The data were analyzed using IBM SPSS ver. 24.0 (IBM Corp., Armonk, NY, USA). The results of the pre-freeze and post-thaw semen analysis are presented as median and interquartile range (IQR; 25th and 75th percentiles). Friedman repeated-measure one-way analysis of variance was used for comparisons of the sperm concentration, percent of TM, and percent of PM among three matched groups (prefreeze, post-thaw Myo-Ins, and post-thaw control). The Wilcoxon signed-rank test was used to compare the CSR between the two matched groups (post-thaw Myo-Ins vs. post-thaw control). Hypothesis testing was two-tailed and *p*-values \<0.05 were considered to indicate statistical significance.

Results
=======

A total of 50 semen samples were collected from 50 men during routine infertility evaluations. Nine semen samples were excluded due to a history of recent administration of antioxidants (n=3), azoospermia (n=4), or leukocytospermia (n=2). The median and IQR of age for the remaining participants (n=41) was 36 years (31--38 years). Of the 41 semen samples included in the analysis, 15 met the WHO 2010 normal reference values for semen parameters \[[@B19]\], and accordingly, were categorized as normal semen samples, while 26 samples had one or more parameters below the lower reference limits, and were categorized as abnormal semen samples.

The median and IQR of age for the men with normal semen parameters (35.5 years \[31--36\]) was not significantly different from that of the men with abnormal semen parameters (36 years \[31--39\], *p*=0.59). The dilution of the semen aliquots using sperm freezing medium (1:1) prior to freezing resulted in a significant reduction of the postthaw sperm concentration in the Myo-Ins group (25×10^6^/mL \[20--40\]) and the control group (25×10^6^/mL \[20--30\]) compared to the pre-freeze values (50×10^6^/mL \[30--80\]; *p*\<0.001 and *p*\<0.001, respectively). The median and IQR of normal sperm morphology in the pre-freeze samples (5% \[3%--5%\]) was not statistically significantly different from that of the post-thaw samples in the Myo-Ins group (5% \[3%--5%\], *p*=0.47) and the control group (5% \[3%--5%\], *p*= 0.15).

Comparisons of the pre-freeze and post-thaw sperm parameters in all semen samples (n=41) with and without Myo-Ins supplementation are shown in [Table 1](#T1){ref-type="table"}. Comparisons of the pre-freeze and postthaw sperm concentrations and percentages of TM, PM, and CSR in the groups with normal semen (n=15) and abnormal semen (n=26) are shown in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, respectively.

Discussion
==========

Despite advances in sperm cryopreservation over the last few decades, the process of sperm freezing and thawing is associated with variable degrees of sperm cryodamage, resulting in reduced postthaw sperm recovery. The viability of spermatozoa after cryopreservation usually does not exceed 50% \[[@B22]\]. Many agents have been investigated as cryo-protectant supplements to ameliorate the hazardous effects of human sperm cryopreservation and improve postthaw sperm quality, including antioxidants such as vitamin E \[[@B23]\], glutathione \[[@B24]\], catalase \[[@B25]\], ascorbic acid-2-glucoside \[[@B26]\], and melatonin \[[@B27]\].

In this study, the cryopreservation of ejaculated sperm from infertile men resulted in a significant reduction of post-thaw TM and PM, whether semen samples were supplemented with Myo-Ins or not. The deleterious effect of cryopreservation on sperm motility has been consistently reported in previous studies \[[@B7][@B10][@B28]\]. The reduction of post-thaw sperm motility was attributed to cryo-induced mitochondrial damage, and the subsequent decrease of the intracellular concentration of adenosine triphosphate (ATP) \[[@B10]\]. Reduction of post-thaw sperm motility has also been correlated with increased reactive oxygen species (ROS) production \[[@B29]\], and decreased antioxidant defenses in cryopreserved semen \[[@B30]\]. In ROS-producing semen samples, the post-thaw recovery of sperm motility and vitality was significantly lower than in ROS-free samples \[[@B28]\].

In this study, the post-thaw TM and PM in the group of semen samples incubated with Myo-Ins, prior to cryopreservation, were higher than in the control group, although the difference was not statistically significant. The lack of statistical significance in the post-thaw TM and PM in the two treatment groups may be attributed to the wide range of variability of results of sperm motility among the study population and the relatively small sample size. Interestingly, the sperm CSR in the semen samples incubated with Myo-Ins prior to cryopreservation was significantly higher than that in the samples cryopreserved without Myo-Ins supplementation. A recent review highlighted the major role of TM, PM, and total motile sperm count (TMSC) in the assessment of semen quality after cryopreservation \[[@B31]\]. However, determining the sperm CSR may be a more accurate measure of post-thaw sperm recovery than TM, PM, or TMSC alone.

In a previous study, Myo-Ins supplementation of bovine semen, prior to sperm cryopreservation, resulted in a significant increase in TM and motion kinetics as determined by computer-assisted semen analysis \[[@B32]\]. A recent study coincubated fresh and thawed human semen samples with Myo-Ins for 15 minutes, and found a significant increase in TM and PM in the fresh samples and a significant increase in PM in the thawed samples \[[@B14]\]. Therefore, it can be speculated that *in vitro* Myo-Ins supplementation of semen samples may play a role in reducing the level of sperm cryo-damage, thereby enhancing post-thaw sperm recovery.

Further analysis of the data in this study indicated that a significantly higher CSR in semen samples supplemented with Myo-Ins was observed only in abnormal semen samples, not in normal semen samples. This finding is consistent with the report of a previous study that found no effects of Myo-Ins on mitochondrial function in spermatozoa from men with normal standard semen parameters \[[@B12]\]. Such findings may have important implications on the utility of Myo-Ins for cryopreservation of poor-quality semen samples.

The exact mechanisms by which Myo-Ins exerts its protective effects against cryo-damage are not clear and warrant further research. Sperm cryo-protection provided by Myo-Ins supplementation may be related, at least in part, to the antioxidant properties of Myo-Ins, which counteracts the oxidative stress-induced damage caused by cryopreservation \[[@B33]\]. The positive protective role of Myo-Ins may also be related to its role in the regulation of Ca^2+^ concentrations in the plasma membrane, mitochondria, acrosome, and neck regions of sperm \[[@B34]\].

Intracellular Ca^2+^ modulates the activity of several enzymes, including phospholipase A~2~, phospholipase C, and protein kinase C \[[@B17]\]. An initial effect of Ca^2+^ is the activation of phospholipase C, which hydrolyzes phosphatidylinositol to diacylglycerol and inositol 1,3,4-triphosphate. Activation of these intracellular mechanisms induce an increase of cytosolic Ca^2+^, and consequently an increase of mitochondrial Ca^2+^, which stimulates oxidative metabolism and ATP production \[[@B12]\].

Despite the interesting findings of this study, some limitations should be noted. First, the semen samples were not stratified according to the number or type of specific sperm abnormalities. Second, the infertile men were not categorized according to their clinical diagnoses; and third, a control group of men with proven fertility was not included. In conclusion, *in vitro* Myo-Ins supplementation of ejaculated human sperm from infertile men, prior to cryopreservation, resulted in a significant increase in the CSR. This observation was evident in semen samples with abnormal pre-freeze sperm parameters. Future studies are warranted to explore the effects of *in vitro* Myo-Ins supplementation on sperm DNA integrity and ART outcomes. Future studies are also required to examine the effects of Myo-Ins supplementation on the outcomes of cryopreservation of testicular sperm.
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###### Comparison of pre-freeze and post-thaw sperm parameters in all semen samples with and without Myo-Ins supplementation (n=41)
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Values are presented as median and interquartile range (25th and 75th percentiles). The *p*-values \<0.05 were considered to indicate statistical significance.

Myo-Ins, myo-inositol; P1, pre-freeze vs. post-thaw parameters in the Myo-Ins group; P2, pre-freeze vs. post-thaw parameters in the control group; P3, postthaw parameters in the Myo-Ins group vs. the control group.

###### Comparison of pre-freeze and post-thaw sperm parameters in normal semen samples with and without Myo-Ins supplementation (n=15)
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Values are presented as median and interquartile range (25th and 75th percentiles). The *p*-values \<0.05 were considered to indicate statistical significance.

Myo-Ins, myo-inositol; P1, pre-freeze vs. post-thaw parameters in the Myo-Ins group; P2, pre-freeze vs. post-thaw parameters in the control group; P3, postthaw parameters in the Myo-Ins group vs. the control group.

###### Comparison of pre-freeze and post-thaw sperm parameters in abnormal semen samples with and without Myo-Ins supplementation (n=26)
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Values are presented as median and interquartile range (25th and 75th percentiles). The *p*-values \<0.05 were considered to indicate statistical significance.

Myo-Ins, myo-inositol; P1, pre-freeze vs. post-thaw parameters in the Myo-Ins group; P2, pre-freeze vs. post-thaw parameters in the control group; P3, postthaw parameters in the Myo-Ins group vs. the control group.
